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ABSTRACT

The Monte Carlo fast-neutron air-scattering data

presented in FZK-9-147, Volumes I and II, have been inte-

grated to obtain the angular distributions and energy

spectra for a point isotropic source emitting one neutron

per second at a given energy Eo . These calculations were

performed for source-detector separations of 10, 35, 64,

and 100 feet and for initial neutron energies of 0.33,

1.1, 2.7, 4.0, 6.0, 8.0, 10.9, and 14.0 Mev.
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I. INTRODYCTTOIT

Air scattering is the principal process by which

neutrons leavirg a source in air are transported to other

positions come diateano awaye In order to make comprehen

sive shield-design studies, one must know the energy and

angular distrIbutions of the scattered neutron flux at the

positions of Interest. It is possible to design and apply

4onte Carlo procedures which solve this problem directly

for specific cases; however, it is often more practical to

use the Monte Carlo procedures to generate data in a suita-

ble parametr c form so a to be able to apply the results

without having to run a now problem for each new source

term.

This report presents parametric air-scattering data

for Isotropic sources of mornoenergetie fast neutrons. For

source energies of 0.33, 1.1, 2.7, 4.0, 6.0, 8.0, 10.9,

and 1l.O Nev, the angular distributions of the scattered

flux and dose rate and the energy spectra of the scattered

flux are given for so rce-receiver separation distances of

10, 3, 6j, and 100 feet.

The data presented here were computed from the results

of Wells' Monte Carlo parameter study of neutron scattering

:or directional point sources in an infinite, homogeneous

;iedlum of a~r (Befs. 1 and 2). P. stralght-forward integration



procedure was formulated and programmed in Fortran Por the

IBM-704 in order to carry out the calculations. The pro-

cedure was designed to utilize directly the punched card

output of Wells' Monte Carlo calculations.

Section 11 of this report deals with the geometry of

the neutron-soattering problem while Section III describas

the Monte Carlo data used in these calculations. The inte-

gration scheme and Fortran procedure are discussed in Section

IV and the reaults are presented in Section V in the fori

of tables and graphs giving the angular distributions of the

scattered fluxw and dose ,ate and the energy spectra of the

scattered £l=.



t

11, NEUTRON SCATTERING GEOMETRY

The geometry (Fig. 1) consists of a neutron source S

located in an infinite, homogeneous medium of alr. A

detector D of unit cross section is located a distance a

from the souroe S. The neutron current leaving the source

is described by a polar angle X and an azimuthal angle %.

The polar angle is measured with respect to the source-

detector axis while the azimuthal angle is the angle between

the positive y axis and the projeotion of the neutron

direction on the y,z plane* The az4mthal angle is measured

in a clockwise direction.

The detector angle P is the polar angle between the

direction of the incoming neutron flux and the source-detector

axis. The azimuthal angle ' at the detector is defined in

the same manner as 0. The neutron current of energy Eo

moving In the direction (K,) at a point Q on the surface

of a unit aphere about S is defined as (Kj,?F O ). The num-

ber of neutrons passing through a surface element dA at C

per unit time is given by S(K490 )dA.

13
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4

III. 'M MONTE CARtO DATA

Since the generation of the Monte Carlo data used In

these calculations has been thoroughly described by Wells

in Referenae I, only a brief review is needed here.

The effects of elastic scattering, inelastic scattering

and absorption were taken into acoount in the Monte Carlo

air-scattering calculations. The neutron arose sections for

nitrogen ad oxysen used in these calculations were taken

from data giving by Lustig, Goldstein, and Kalos (Refs. 3

and .e The neutron cross sections for air were computed

on the baais of a mixtture of 78% nitrogen and 22% oxygen

- and a density of 5.37 x 1019 atoms/ho or 0.1293 X .0"2 ev/o.

The flux-to-dose conversion faotor's F(E) used in 0oo0pn!

the tissue dose rates were those caloulated by Hurst and

Itithie (Bef. 5).

The ealoulated results presented in Reference 2

represent the angular distributions of the neutron flx,

the angular distributions of the tissue dose rate, and the

energy distrIbution of the neutron flux at the detector D

for a point monodiroetional source 8 emitting one zeutron

per second ot enery to in the given direction (K,0). The

calculations were performed for four separation distances

of 10, 3.5, 6, and 100 feet, eight initial neutron energies

of 0.33, 1.1, 2.7, 4.0, 6.0, 8.0, 10.9 and 14.0 ilev, and

15



eight source angles, X, of g, 1 , 0, O@, 90, l20, 1$0, and

180 degrees. This represents a .otal of 6k different source

descriptions and four source-detector separations which may

be combined to describe aun arbitrary source distribution*

The scattered flux reaching the detector is sorted

into eighteen equal angle intervals, Pi' and ten arbitrary

energy Intervals, E. K(K$,Eo~aV i,Ej) Ia defined as the

fraction of neutrons with initial energy 30 and direction

(K,?) passing through the incremental area dA per unit time

which reach the detector at a distance a in the detect6r.

angle increment Pi with energy in the energy group EJ.

D(KX,,Eo0 a, f) is defined as the neutron dose rate due to

neutrons with initial energy E0 and direction (K.0) which

arrive at the detector D a distance a from the source in

the detector angle increment Pi. Since there is symmetr7

about the source-detector axis and both source and detector

are located in the infinite homogeneous medium, angular

distributions at the detector are independent of both source

and detector aezirmthal angle. Therefore, the data are not

sorted with respect to this angle, and the variable I Is

dropped from the expressions.

The following quantities are tabulated in Reference 2:

NCKEE,a,PL,E j ) S 1T(KEojam j1) 0 N(lOEo~aP i ) , O(oropap i ) ,

N ,Eoja) ad D(EEo0 a). N(YsEo,a,,pjE j ) is tabulated irn

the forz o: an 3.8 x 10 matrix for each of the four values

16
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of a, eight Values of Eo, and eight values or X* In addition

to the I8 x 10 matrices, the energy distribution ot' the air-

scattered flux is given by

18

N(KEoqaE j ) Z N(K,Eo,a,¢,Ej);. (1a)

i =l

the angular distributions of the air-scattered flux is given

by
10

N(K,Eo,a,P i ) = N(K,,Eoqao i, E )  C2a)

The dose rate D(K,R &,a I ) Is calculated and stored as a

functiorn of Koa and It is printed as a function or

angle a for each combination of XZ., and a.

The total scattered flux and dose rate are givenl,

respectively, by

18 10

and

18

D(ZlEOsa) = CK.,a, • (5a)

The 'anits Ot tlno scattered fluxes are neutrons/om2-sec per

source neutron/sec and those of the scattered dose rates are

rem/4r per source neutron/seo,



The total scattered flux Xrom a source S(Ky'L) reaching

tVe 4eteator D at a distance a :s

N(Eo9 a) (f ,B o)N(K, o'a) sind X AO f6a)

-Iat / (K.m0 )ITM, 0 ,a) ittiX dte. (6b)

Similarly, the total soattered dose rate Is

D(30 a) J JS(KEo)D(KE O a) sinK WL d% a)

0 0

P- 2 S(KE)D(KoEova) 61 dKe (Tb)

SimllarIy, the angulax- distributions of :lux and dose rate

are given, respecbively, by

IN 2zT

N*Eovap ) = ' I -E 1  a,3 sink d1K d% (na)

-It sn f 2(K,d%,(KEoa4r) sXn1 dT9 (8b)

and,

499S(EEowasp0,,P sin~t dri d/ (9a,)

0f



The energ7 distributton of the scattered n= 18 StVen by

N(aVE0E) f [ (O,)(..oa,, SinIC d7X d/ (10a)

An analysis of the Honte CSX.o dta showoa that the

stauldard deviation of the total scattered £Clux NCK,Eoa) was

less thaa 0.1 N(K,E ,a) In 6092% of the problems, loss than

0.$ (N.,Eofa) in 91.l4 of the problems, and in only 2.73%

of the problems did the standard deVlatLon exaeed 0.2
0

N(K,E 0 ,a).o

'W4



4

TV, TNTEGnATI0N OF THE MONTE CARLO DATA

Since the quanitites X(K,E0 ,a,P), D(KEo,a,E3), and

N(KoaE ) are not given in terms of analytio functions,

it is neoessary to devise some integration Bcheme that will

produce aocurate results* For the purpose of numerioal

iaterations, Equations 6b, 7b, 8b, 9b, and 10b become, in

8

DC(Ea) 22 4K n sPnEt. (AKn) ,  (6o)

8

N (E 3 PO) = 27 K1 B)xa"E0ai si.nKn (AX.). (80)
D(Soapp) .2t S(%,0E.)D(nEo~a$) sB.nn C()t (9c)

8

8

2(%01aE 3) =s 0)1KJ~0#' SlnK ("n" (10c)

where 1, 2 $ *o , 1 arA j = 1, 2, ..o , 10.

21
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The calculations presented here were performed for a

poLnt isotropic source emitting I nettron/sec st1th energy Eo '

TheretQre,

constant = (11)

The valu1es of N and D Were taken from the tables in Refer-

erce 2.

The sut mations n tquations 6 o and 7o were performed

using a machine code designed primarily for- matrix caloulations

but adaptable for these oalculationso

An XBfI Fortran prooedure was written to provide for the

Integration of Equations So, 9o, and 10o with a ronisotropic

source term depending only oan the polar angle Xe The isotropic

case presented here is a special case of this more general

source term. A copy of the Fortran program Is shown In the

Appendix. Certain subroutines, such as SETU?, END 9,

LIB 1, LIB, and END(2,1). are special General Dynamlics/Fort

Worth subroutines. However, the basLo program should remain

the same anywhere.

The values of A. ) used l the numerical 1ntegration

were chosen after considering which histogram would best

represent the amooth curve for Integratioa purposes. The

hlstogram-fit tends to overestimate in the first 20 degrees

and underestimate in the last 20 degrees.

22



The Validity of the ilitegration scheme was checked

by comparing the results of immerical integration 'With those

obtained using a planimeter on smooth curves drawn through

the eight points, In the seven cases chosen at random for

comparison, the numerical integration overestimated the

result by less than 2.5%. In all cases, the numerical Inte-

gration overestimated the result.

23



F' lualons 6o, 7c, 801 90, and lOc Lave baen 11UMi-exoally

integrated for a point isotroplo source. The results are

presented In this seation I both tabulated and graphioal

form.

The soattered neutron flux, N 0(P,a,j) Tables II

through Vs and the neutron flux per Kev, I(20 ,aE)/AE3 ,

Tablesa VI through IX, have been tabulated as funotions of

2., the initial energy, and (E~.) The subsoript m Indi-

cates that Is the lower limit of the jth energy Interval.

(E f for each E is shown la Table I. The minimuri energy

cutoff for each source enerSy Is given in Table I by I .cj

for each source energy. aEj is the width or the jth energy

grou. he acattered neutron flux, N(EosaEI) , is reported

In units of

neutrons/cM2 _SOC
souroe rieutron/see

and the neutron flux per Hev N (Eoa, j)/AEj In units of

neutrons/c m2 -s e €/

source neutron/seG 0

The angular- distributions of the scatterod neutron flux

And dose rate In a 100 interval of P, 1T(Eoa,#P ) and

D(EoP~sL)$ are tabulated as functions of E0 and , In

Tables X through XIII and XIV through XVI1, rospeotIvelys

126



wihere is the upper limit of the i t h angular ±Itervat.

The units here are

neutons/cm2 -seo in 100 Interval
source rleutron/se-

and

rem/hr in I00 Interval

source t)eitroalseo

The quantities NCE 0Pa,Bj)/AE j ,  (E 0 adi), D

ITE0Pa), and D(E,a) are shown in Figurea 2-9, 10-17, 18-25,

26 and 27, respectively.

The a iila' distributions are plotted as £unction o

Pi# the midpoint of the angular interval -to P1 .

In Firures 2 through 9, the energy spectrm is plotted

against the midpcint of the energy group E,.

The total scattered flux and dose rate, 1CE ,a) and

D(Zoa), respectively, are shown in Figures 26 and 27 as

functions of E for each of the four separation distances

cons ideredo

The scattered dose rates for source energies of 1.1 Mev

or greater result frora neutrons with energies Greater tham

the mlriimum energy used for each source energy7, but the

soattered doae rates for the 0.33 Mev source are those re-

sulting from neutrons with energies greater than 0.22 Nev.
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APPENDIX

'55 FORTRAN STATEMENTS

7171 BEG ,TRP R55 JRCK. GR.IGSE:YI (CARL DIFFEV -- 3987) 000P P55
EZE EZEC1 EZED2 EZED3 EOF EZSDS EZEBLEEB- EZEE4 EZEEI lE2EB5
C IBM 704 PROCEDURE R55 0002 R55'
C INTEGRATION OF MONTE CARLO 'H'ULRTIOris :'OF FAST NEUTRON SCATTER.INGOO.03 R.5.5
C IV AIR FOR NOr-I SOTROPI' I Ll--SrC. 1004 R55
C 0005 R55

DIMENSION Z(8), OZC8), FLUXH (576,8 . DOSEA ., -:., .. 0. 006. R55
I FLU:<E (.32O -'.. .. ,..., SRZ,8) ,8'), 0007 R55
2 SS ( 576, " FD : C57, l 4, ,0, 0008 R55
3 FRD C57, :B FLIE :,C R- 8: F..' 000T'9 :R55

COMMON 2 , OZ , FLUXA, DOSEA , FLUXE , S SRZ , 0010 R55
1 , .5 , FO , SOS , FPO FLIB , RZ 0011 R55

1 CArLL LIE1 (m) 0012 R.55
G3 TO (115') , M 0013 R55

It CALL LIE (3HR55, ED) 0014 R55
READ 500, FLIP 10151R55

IF C FLIP ) 14, 14, 0 001 52R.55
13 ECKSPARCE 9 00153R55

G'' Ti) 5 1. 0016 R55
14 FLIP MODF t ED , IC&.O5, 0017 R55

LIBT FLIP 0018 R55
G' TO (15,20,25,30,.35) , LIT P..19 R55

40 FOMRAT ('6E10. 4) 0020 R55
15 READ 40, C. Z(J =1,- ) 0021 R55

=ID1 ED -.... 2. .R5.5
'3 TO 11 0023 R55

20 READ 40, :DZCJ, J=I ,S' 0024 R55
XID2 = ED .. 0025.,.R55
G TO 11 0026 R55

25 READ 40, ((FLUXR (I,J), Jr1,8) I= ,57" D 0027 R55
XID3 = ED 08.. R02 55
130 TO 11 0029 R55

30 RERD 40, ((DOSEA (IJ) J=1,8) 1=1 576 ) 0030 R55
XID4 = ED Q031.. R55
Go TO 11 0032 R55

35 REPR 40, ((FLUXE CI,j), Jl.',8) 1=1 320 'd 003 R55
5 ID= ED 0 ......... _ ........ . L!L34. 5.5.

G' TO 11 0035 R55
50 CALL SETUP (3HR55,:4ID) 0036 R55

READ 500, (FLIB(N)o Nz0 O3LR55
500 FORMAT (5F7.O) 0038 R55

IF (XID1 - FLIEC1)) 55, _1, 5 5 0039 R55
51 IF X102 - FLIB(2)' 55, .2, 55 -004Q R55
52 IF (XID3 - FLIBC3)) 5; , 53, 55, 0041 R55
5.3 IF CXID4 - FLIB(4)' 55, 54, 55 004-2 R55
54 IF C.ID5 - FLIB(5)). 55, 58, 55 .......... 0043. R55
55 PRINT 56 0044 R55
56 FORMAT (54H LIBRARY DECKS CALLED FOR IN PROBLEM ARE NOT AUAILABLE)045 P55

CRLL ENO9 --. -. ..
58 RPR 59, (NOP 1 , NOP2 NOP3 )0 0047 R55
5'9 FORMAT (313). 00..48 R55

IF (NOP! + NOP2 + HOP3 ) 100' 100O 60 ..... .... ,.5.
60 READ 40, C(SCI,J), J1l, ).Izl,8 ) 0050 R55

DO 70 4=1,83 0051 .R55
RZ(J) 0.01745329 * Z(). . ..................... "00.2.R55
S.Z(J)= SINF (RZ(J ) 0053 .RS5
P6) = SRZ(J) * DZCJ) 0054 R55

70 CONT.INUE -0........ ............ 055.5.
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FORTRAN STATEMENTS (cont'd.)

900 IF C NOPI + NOP2 ) 1000, 1100, 1200 ....... 00.56 R55.
1000 PRINT 1001 0057 R55
1001 FORMAT C37H ERROR ON SECOND CARD OF PROBLEM DECK) 0058 R55

CALL END9 ... 0059 .R.5.5
1100 NM = 320 0060 R55

GO TO 2000 0061 R55
120.0 NM = 576" ...... .................................... 0.6Z.-R55

C 0063 R55
C CONSTRUCT A LARGER MATRIX FROM S(IJ) 0064 R55
2000 DO 2022 I=1,NM .... .......... ..... 0f65-R5.5

DO 2022 J=1,8 0066 R55
IF (-8) 2010, 2010, 2012 0067 R55

2010 SS(I,J) = S(I,J) .. 0.68. R.55
GO TO 2022 0069 R55

2012 .5(I,J) = SS CI-8, J) 00701R55
2022 CONTINUE 0.O702.5

65 FORMAT (8E10.4) 001703R55
IF C SENSE SWITCH 2 ) 2023, 2024 0071.1R55

202.3 PRINT 65. CC SS(I,J), J=1,8 ),I=,NM 2:, . .. ... .... .R55
2024 00 2027 I=1,NM .Q0.713R55

DO 2027 J=1,8 .00- 714.R55
.SSCIJ) = 6.2831853 * 52.C',J::,'. . . .

2027 CONTINUE . .09222R55
IF (SENSE SWITCH 2 ) 2028, 2029 .. 0_0723R55

2028 PRINT 65, (($5(I,J), J=1.F ), 1=1, NM . 0Q.24R.5
2029 IF CNOP1 ) 1000, 2150, 2030 .- QO.7. .R55

C ------- Q074 R55
C COMPUTE ANGULAR DISTRIBUTIO. OF FLUX.....- 55.
2030 DO 2035 I= 1,576........ 007.6..R55

DO 2035 J= 1,8 007.. R55
.. FAD (I,J) = SSCI,J) * .. FLUXA.(I,J) ..

FAD (I,J) = FPD(I,J) * ACJ) .0079 R55
2035 CONTINUE 0080 R55

C LISUMMATION............._.........[. R.5
00 2040 1=1,576 0082 R55
FOCI) = 0.0 0083 R55
Do 204Q J .,8............. . -. .. 9.4..
FOCI) = FoI) + FAD (1,J) 0085 R55

2040 CONTINUE 0086 R55
DO 2050-1; 1,18 ....... 5
DO 2050 J=1,4 . 0088 R55
00 2050 K=I,8 008,9 R55
L =_K._ 8* C41).+ 32, _*.0I. -.1 Q02OR 5
SOS (I,J,K) = FD(L) .. ... 0091 R55

2050 CONTINUE 0092 R55
C - PRINT O.UT RESULTS AS..4. £I1X8 MATRI , .... ... - QP.55

DO 2100 J=1,4' 0094 R55
PRINT 2060 0095 R55

2060 FORMAT (29H1ANGULAR DISTRIBUT10N OF RFL k ft
PRINT 2070 1 4 . 0097 R55

2070 FORMAT (22HOSEPARATION DISTANCE P,11) 0098 R55
?RVNT 2080 . -P,_.Q.R5,5

2080 FORMAT (IOOHO K EI E02 E03' .Et OiO0 R55
1 E05 E06 E07 E08 ) 0101. R55

PRINT 2090 0 CI, (SOS (1,JK , K=1,8 2) . . .0-----R_._$A
2090 FORMAT (1H ,12p8E12.4) f - 0104.,5.R.
2100 CONTINUE .. '- ' .01t1.
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FORTRAN STATEMENTS (cont'd.)

2150 IF (MOP 2 ) 1000, 3000, 2200 0106 R55

C 0107 R55
C COMPUTE ANGULAR DISTRIBUTION OF DOSE RATE. 0108 R55
2200 D0 22110... 1,576 -. 0109 R55

Do 2210 J - 1,8 0110 R55
FAD (I,j) = SSCI,J) * DOSER (IJ) 0111 R55
FAD CI,J) .FRDCI,J) * ACJ) .. 0112 R55

2210 CONTINUE o113 R55
C SUMMATION 0114 P55

DO 2220 1=576 ..... 01.15 R55

FOCI) = 0.0 0116 R55
DO 2220 J=1..8 0117 R55
FD(I? = FOCI) + FAD (I,j) 0118 R55

2220 CONTINUE 0119 R55
DO 2230 I=1,18 0120 R55
DO 2230 J=1,4 0121 R55
00 2230 K=1,8 0122 R55
L = K + 8 * CJ-i) + 32 * (1-I) 0123 R55
SOSI,JK) = FDCL) .0124 R55

2230 CONTINUE 0125 R55

C PRINT OUT ANGULAR DISTRIBUTION OF DOSE RATE 0126 R55
00 2250 J1,4 ... 0 127 R55
PRINT 2240 0128 R55

2240 FORMAT (38HIANGULAR DISTRIBUTION OF THE DOSE RATE) 0129 R55
PRINT Z070, J_ 0130 R55
PRINT 2080 0131 R55
DO 2250 I1.,18 0132 R55
PRINT 2090 , "I (SOS CIJ,K', K::1,:, ) . 0133. R55

2250 CONTINUE 0134 R55
IF (MOP 3 1 1000, 50, 3000 0135 R55

C 0 . .. 01.36 R.55
C COMPUTE ENERGY SPECTRUM OF FLUX' 0137 R55
3000 DO 3035 1=1,320 0138 R55

DO 3035 -1.,8 ......................... 01 9R55
SSCI,J) = SSCI,J) * FLUXE CI,J) 0140 R55
SS(I,J) " SS(I,J) * QWJ) 0141 R55

3035 CONTINUE Q...... ... ............. ........... 0142 R55
C SUMMATION 0143 R55

DO 3040 1=1,320 0144 R55
FOCI) = 0.0 .... ...... 0145 R55
DO 3040 J=I,8 0146 R55
FOCI) = FDCI) + SS (I,J) 0147 R55

3040 CONTINUE .048 R55
DO 3050 "1: 1, 10' 0149 R55
DO 3050 J.= 1,4 0150 R55
DO 3050. K= I.,8 .. 0151 R55
L = K + 8 * CJ-i .+ 32 *C-) 0152 R55
SOS CI,J,K ) ; FDiL) 0153 R55

3050 CONTINUE .... .. .. . . 0-54 R55
C PRINT OUTENERGY-SPECTRUM OF FLUX 0155 R55

00 3070 J=1,4 0156 R55
PRINIT 3O06O P.7 R553060 FORMAT (29HITOTAL FLUX IN ElERGYGROUP K)-..... 0158 R55

C 0159 R55
PRINT 2070 , J ..... . .. . ............. J. Q R55
PRINmT 2080 0161 R55
00 3070 1I:10 .0162 R55
PRINT 2090 ,C I, CSS(I,JK),K=1',8. . __ 0163 R55
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FORTRAN STATEMENTS (cont'd.)

3070 CON1TINUtE 0164 R55
4000 GO TO 50 U165 k55

EMD(2, 1) 016.6 R55
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